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A B S T R A C T

According to international guidelines, it is mandatory to evaluate predictive biomarkers of targeted therapies and
the response to immune check point inhibitors for patients with non-squamous non-small cell lung cancer (NS-
NSCLC). For this purpose, a tissue sample is nowadays the gold standard, but biofluids, particularly peripheral
blood, can be a complementary and sometimes an alternative approach to assess the status of different druggable
genomic alterations of advanced NS-NSCLC. A liquid biopsy (LB) is an attractive approah for better treatment
decision-making by thoracic oncologists for NSCLC patients in daily practice at both initial diagnosis and tumor
progression. We describe the experience of a clinical and molecular pathology laboratory (LPCE, Nice, France)
developing the use of in-house LB in thoracic oncology. Moreover, we report the changes in clinical care, the
advantages, but also the possible constraints associated with implantation of LB in routine clinical practice.
Introduction

Tissue samples from both biopsies and surgically resected specimens
are the gold standard not only for diagnosis and histological subtype
characterization of non-small cell lung cancers (NSCLC), but also for
evaluation of the expression of PD-L1 and of druggable genomic alter-
ations [1,2]. However, tissue sampling can present a number of limita-
tions, notably since it is an invasive and hardly repeatable approach,
which can be associated with negative results when an insufficient
amount of material is obtained for molecular testing. In this regard,
liquid biopsies (LBs) hold many advantages, and can participate in the
evaluation and monitoring of the response to treatment [3]. Despite its
potential, different issues still hamper adoption of LBs in daily practice.

The objective of this article is to evaluate the usefulness but also the
current challenges associated with developing in-house LB molecular
testing for routine clinical practice for NSCLC. After a brief landscape
view of the current and possible future predictive biomarkers of NSCLC,
we provide practical insight into the implementation in thoracic
oncology of LBs based on the experience developed in a clinical and
molecular pathology laboratory [Laboratory of Clinical and Experimental
Pathology (LPCE), Nice, France]. We then identify some of the con-
straints and limitations of using LBs in daily practice. Finally, some
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perspectives for LB in the field of thoracic oncology for better care of lung
cancer patients will be developed.

Current and future predictive biomarkers to identify in non-small
cell lung cancer

According to international guidelines, it is nowadays recommended
to look for EGFR, KRAS, BRAF, HER2, MET exon 14 mutations and ALK,
ROS1, RET, NTRK rearrangements, as well as the PD-L1 expression in
tumor cells, before initiating first-line treatment of stage IIIB/IV non-
squamous non-small cell lung carcinomas (NS-NSCLC) [4]. Moreover,
following the recent published results of the ADAURA study, it is now
recommended to look for EGFR mutations and ALK rearrangements in
stage IB-IIIA NS-NSCLC [5]. It is more and more admitted that all these
genomic alterations have to be evaluated using next generation
sequencing (NGS) approaches [4]. All these biomarkers, except PD-L1,
can be evaluated not only on tissue samples but also in different fluids
(blood, cerebrospinal fluid, pleural or pericardial effusion).

Due to the development of clinical trials associated with different
targeted therapies or with immune or immune-chemotherapy, it may
become mandatory to look for additional molecular alterations in the
future in routine clinical practice. Therefore, according to the ESMO scale
d Experimental Pathology, BB-0033-00025, Louis Pasteur Hospital, Nice, France.
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for clinical actionability of molecular targets (ESCAT), the status of other
genes, notably NRG1, BRAC1/2, PI3KA should be evaluated in the near
future before administration of some new targeted therapies for NS-
NSCLC [4]. In addition, mutations present on other genes such as
STK11, KEAP1, but also SMARCA4 or NOTCH, can have an impact on the
efficacy of immunotherapy and should soon provide better care of
NS-NSCLC patients [6–9]. It may also be of interest to integrate in the
future the detection of microsatellite satellite instability (MSI), although
very rare in NS-NSCLC, and of different genomic alterations in squamous
cell NSCLC including the FGFR genomic alterations [10,11]. Finally, a
number of studies have shown controversial results regarding the tumor
mutation burden and, at least in Europe, it is not currently recommended
to evaluate this biomarker of response to immunotherapy in daily prac-
tice, but may be of interest in the future [12]. We have to keep in mind
the interest of analyzing the genomic landscape of the tumor for each
druggable mutation, while integrating the different associated
co-mutations. Therefore, these co-mutations, such as TP53 mutations
associated with EGFR mutations, can have an impact on the response to
tyrosine kinase inhibitors (TKIs) and the overall survival of patients with
NSCLC [13].

Implementation of liquid biopsies in the routine clinical practice
of a single institution

In 2014 we decided to perform LBs for certain patients because they
could not get access to target therapies (at that time TKIs targeting EGFR
mutations) subsequent to failed molecular tests from tissue samples or lack
of access to tests. This was the case when no tissue was left over after his-
tological and immunohistochemical evaluation, if a low level and/or
quality of extracted nucleic acids was available, or if a tissue biopsywas not
performed. On rare occasions a LBwas performed for a patient who needed
urgent treatment since the turnaround times to obtain results from a tissue
biopsy can be rather long [14].Wewere able to set up LBs in our laboratory
Fig. 1. Molecular biology testing from tissue and liquid biopsies at the laboratory of
gene sequencing, digital PCR (dPCR) and next generation sequencing (NGS) assays h
RGQ PCR Kit (Qiagen, Hilden, Germany); Idylla TM EGFR Mutation Test (Biocartis,
Switzerland); Oncomine™ Lung cfDNA Assay (Thermo-Fisher Scientific, Waltham, M
Scientific), Oncomine™ Precision Assay GX (Thermo-Fisher Scientific). 3-Color Cryst
Expanded Kit (Roche Diagnostics, Basel, Switzerland), AVENIO Tumor Tissue CGP K
cording to the ISO 15189 standard. (For interpretation of the references to colour in
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since the French Ministry of Health reimbursed molecular testing in
oncology independently of thenature (tissueorbiofluid)of the sample [15].
Initial requests to set up liquid biopsies at the LPCE

The use of TKIs targeting the main druggable EGFR mutations (exon
19 deletions and p.L858R mutation) was associated with the possibility
of detecting these two genomic alterations in the cf-DNA of advanced
NSCLC patients [16,17]. Therefore, these EGFR mutations could be
detected with cf-DNA before initiating first or second generation TKIs,
notably when no tissue sample was available or in the absence of
extracted nucleic acid from tumor samples. In this context, we set up one
gene sequencing molecular testing using qPCR [16,17]. Moreover, since
the main mechanism of resistance that develops in patients receiving
these first and second generation TKIs was the EGFR p.T790 M mutation,
which is easily detected with cf-DNA, it was of interest to first perform a
one sequencing molecular test with a blood sample, notably to avoid a
renewed invasive tissue biopsy at tumor progression [18,19]. This blood
test was regularly performed in the daily practice of our laboratory from
2010 up to 2020 (Fig. 1). The development of TKIs targeting ALK rear-
rangement led us to identify in parallel ALK rearrangements at baseline
with cf-DNAwhen no tissue sample was available [20]. Subsequently, we
received an increased number of blood samples from the clinical
department of our institution and from different hospitals and private
clinics in the south of France.
Increasing the number of liquid biopsies at the LPCE

An increase in the demand and thus practice of LB was associated
with the possibility for the physician to be informed of genomic alter-
ations accessible to TKIs and to then make decisions concerning treat-
ment when no tissue sample was available. In addition, many requests for
LBs were made at tumor progression due to the sensitive and non-
clinical and experimental pathology laboratory from 2007 to 2023. Different one
ave been use according the sample types and the time period: Therascreen EGFR
Munchen, Belgium); cobas® EGFR Mutation Test v2 (Roche Diagnostics, Basel,
A, US), Ion AmpliSeq Colon and Lung Cancer Research Panel v2 (Thermo-Fisher
al Digital PCR™ assays for EGFR mutation (Stilla, Paris, France). AVENIO ctDNA
it (Roche Diagnostics). Tests with an asterik correspond to tests accredited ac-
this figure legend, the reader is referred to the Web version of this article.)
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invasive nature of the test for the detection in around 50% of cases of the
EGFR p.T790 M mutation [19]. The detection of different mutations was
associated with the possibility of proposing alternative therapeutics in
second-line. So, in this situation the oncologists were aware that some-
times a second biopsy was not necessary in these patients, thereby
avoiding hospitalization, a new endoscopy with bronchial biopsies
and/or a CT scan with transthoracic biopsies, which are much more
invasive, time consuming and less cost effective than LBs [21,22]. In
parallel, the development of mechanisms of resistances in patients
treated with first and second generation ALK inhibitors could be detected
with cf-DNA at tumor progression, mainly the different ALK mutations
[23]. We first detected at baseline ALK rearrangements using single gene
molecular testing with blood samples [20]. The recognition of new mo-
lecular targets and mechanisms of resistance led us to develop NGS
technologies with LBs [24] (Fig. 1).

Liquid biopsies in the context of new targeted therapies in thoracic oncology

The adoption of third generation TKIs targeting active EGFR muta-
tions has revolutionized the treatment and care of patients with advanced
NSCLC [25]. Therefore, most thoracic oncologists in European countries
now use third generation TKIs in first-line for EGFR mutated advanced
NSCLC. Despite an initial tumor response, the development of mecha-
nisms of resistance lead to renewed biopsies at tumor progression. The
main mechanism of resistance is the MET amplification, which occurs in
20% of cases, while other genomic alterations are less frequent [26]. In
contrast to the EGFR T790 M mutation that can be easily detected with
cf-DNA, the assessment of MET amplifications is easier with tissue than
with a LB. Therefore, the practice of LBs at tumor progression has
decreased slightly for patients receiving osimertinib for the benefit of
renewed tissue biopsies. Similarly, the introduction of a new generation
of ALK inhibitors (such as alectinib) seems to have limited a little bit the
practice of LBs at tumor progression. The progressive development of
therapies targeting different genomic alterations present on other genes
(BRAF, KRAS, MET, HER2, NTRK, RET, ROS1) led us to use NGS not only
with tissue samples but also with blood samples [24].
Fig. 2. Algorithm proposals for samples use for predictive biomarkers testing in thora
biopsy. LB: liquid biopsy.
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In-house liquid biopsies use

Thanks to constant dialogue between the oncologists, the radiolo-
gists, the surgical and molecular pathologists, different algorithms have
been set up to develop LBs in thoracic oncology (Fig. 2). Initially LBs
were reserved for certain patients, but since 2022 we have performed
concurrently tissue and LB testing for all patients diagnosed or sus-
pected radiologically to have an advanced lung cancer [27,28]. As
described above, to test the use of LBs we first performed a single gene
assay for EGFR and assessment of the ALK status [6]. Then, we used
in-house NGS with small and medium sized panels to test LBs. This
strategy was appropriate since in-house testing allowed us to decrease
the turnaround time to obtain the results compared to outsource testing
in commercially available platforms outside France. Moreover, the cost
and level of reimbursement were more effective when using molecular
biology platforms in our hospital. In addition, it was easier in this
setting to get access to the raw data, to decide rapidly whether to repeat
the experiments/LBs in the case of uncertain results. We were also able
to keep the leftover extracted DNA in the biobank for further research
programs or controls. From our point of view the use of medium panels
with LBs at the initial diagnosis or at the first progression of the tumor
in thoracic oncology was adequate to take decisions concerning treat-
ment in our daily practice.

Tests validation and external quality assurance programs for LBs use

The different in-house panels used over the years (both for tissue
biopsies and LBs) as well as the corresponding accreditation notifi-
cation for the different tests are show in Fig. 2. Briefly, we have to
distinguish between the CE-IVD (Thermo-Fisher Scientific) and the
RUO (Roche Diagnostics) panels. In this context, only molecular
testing developed with CE-IVD panels were accredited according to
the norm ISO 15189 at the LPCE (Fig. 1). Moreover, to maintain
accreditation of this activity we participated each year in external
quality assurance schemes such as the Gen&tiss LBs program in France
[29].
cic oncology at the initial diagnosis of advanced non-small cell cancers. TB: tissue
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Challenges and constraints of in-house implementation and use of
liquid biopsies in thoracic oncology

Despite being a promising technique in thoracic oncology with
several potential applications, LB still has different limitations to its
widespread use in many hospitals. Therefore, some issues must be
overcome for LB use in daily practice (Table 1).

Practical issues for pre-analytical processing

One important issue we experienced when LBs were initially set up in
our institution concerned mastering the pre-analytical phase and the
workflow of the different steps, from blood sampling to the medical
report. Different parameters had to be controlled. The different steps of
the pre-analytical phase were set up according to international recom-
mendations [30]. In particular, careful attention was given to the types of
buffers to be used (EDTA versus Streck BCT tubes) for the blood samples
and to the logistical issues such as the time of transportation from the
clinical site (own institution or external sites) to the laboratory.

Implementation of different NGS based technologies for analysis of liquid
biopsies

Technologies for molecular testing with cf-DNA have evolved over
the years from single gene testing to multiplex hot-spot testing and
comprehensive genome profiling. NGS is now the most attractive
approach for cf-DNA genomic assessment, but different panels and
technologies (eg, amplicon-based sequencing versus hybrid capture
sequencing) can be developed. According to the indication for a LB at
initial diagnosis and at tumor progression and according to the different
Table 1
Challenges to in-house implementation of liquid biopsies in thoracic oncology.

Pre-analytical issues
Standardization of blood collection (volume) and stabilization (type of tube: EDTA
versus Streck BCT tubes)

Information concerning transport and traceability up to sample registration in the
laboratory

Standardization of centrifugation, aliquoting, DNA isolation and storage
DNA isolation and quality/quantity assessment
Analytical issues
Selection of the technologies for analyzes with ct-DNA (PCR and/or dPCR and/or NGS)
Selection of the NGS panel (s): small (<50 genes) and/or medium (50 genes) and/or
large (>300 genes) panels

Post analytical issues
Interpretation and reporting of genomic alterations (standardization of the report)
Set up a comprehensive description and interpretation of the mutational profile of the
assessed biomarkers

Informatics for report transmission
Follow the international recommendation in respecting the turnaround times to submit
the report

Accreditation and external quality assessment
Accreditation of tests with liquid biopsies according to the ISO 15189 norm
How to select the tests when using liquid biopsies to be accredited
Selection of recognized national of international programs for external quality
assessment

Management of the laboratory
Specific training for the laboratory staff
Promote as much as possible the automation of the pre-analytical and analytical phases
Reinforce the capacity of storage genomic data
Possibility to increase the number of staff members
Interaction with the physicians
Establish continued dialogue for improvement of processing
Discuss performing a liquid biopsy
Collective interpretation of the results/report
Convince the administation and the financial bodies
Anticipate the activity, cost, reimbursement of liquid biopsy testing at the local and
national level

Set up educational training
Develop master classes for academic and private partners to
- Harmonize routine clinical practices and transmission of guidelines
- Practical training on site
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lines of treatment, the sensitivity and specificity have to be evaluated
comparatively [31].

Impact of an increase in activity in the laboratory on the workload of staff
members and on the increase in cost

Setting up LBs in our institution changed the clinical practice,
increased the volume of genetic testing and consequently, the cost of
healthcare. The evolution of knowledge into genomics and medical ge-
netics has also elicited the need for accurate estimation of the impact of
the cost of genetic testing on the healthcare system in relation to the
clinical utility. Moreover, the analysis of the time required for basic
procedures (i.e. nucleic acid extraction and quality control along with
sample acceptance and codification) suggested that their centralization
in expert centers, along with automation in shared work-units could help
to improve efficiency and reduce the cost of personnel for these pro-
cesses. Automation of laboratory procedures should have a favorable
impact on the global quality of the results, as it reduces drastically the
number of errors. Estimation of the workload may serve to better eval-
uate the effort required by the personnel to optimize the molecular
workflow, moving when possible toward increased automation. These
values may also have a significant impact on setting up strategies of
recruitment of personnel by hospitals. So, costs are a crucial issue to be
faced by the health care system and are of outmost importance today,
when new NGS strategies play an increasing role and consequently have
an economic impact on the medical field.

Dissemination of good practices of prescribers, oncologists and pathologists

We decided to develop educational training sessions to better inform
all the actors participating in liquid biopsy analysis in thoracic oncology
concerning the usefulness of the goals of ordering this test. Moreover,
these sessions aimed to disseminate the good practices, notably to master
the pre-analytical, analytical and post analytical phases, but also to
educate the oncologists and pathologists on interpretation of the result.
Part of this training was developed as masterclasses open to different
external teams thanks to the support of AstraZeneca Pharmaceutical
Company (Global Diagnostics), who identified our laboratory as a center
of LB expertise in Europe. Moreover, our laboratory was selected by the
European Society of Pathology as an advanced training center for mo-
lecular pathology with an emphasis on LB [32].

The selection of the LB assay may influence the treatment of the pa-
tient [33]. Many factors influence the clinical validity and clinical utility
of LBs testing [33]. One important point is to discuss the possibility that
pathologists initiate reflex testing with LBs in a similar way to initiation
of reflex testing for biomarkers with tissue samples [34]. Finally, ac-
cording to the international guidelines and/or daily practice the intro-
duction of different algorithms and indications of LBs can be proposed
[24,27,28,30,35–38].

Availability and accessibility of NGS in liquid biopsies in thoracic oncology
in Europe

One bottleneck to using LB in thoracic oncology lies in the discrep-
ancies in its availability and accessibility in Europe, notably in thoracic
oncology [ [39,40]. Thus, despite guideline recommendations, signifi-
cant discrepancies in access to NGS persist across Europe, primarily due
to constraints in reimbursement [41].

Perspectives

LB is going to have a leading place in thoracic oncology with a wide-
spread adoption in routine clinical practice and LB will certainly reshape
the diagnostic approach and different algorithms for NSCLC care. In this
context, different perspectives should be considered now (Table 2).



Table 2
Perspectives for in-house liquid biopsies in thoracic oncology. CGP:
comprehensive genomic profiling. NSCLC: non-small cell lung cancer; ICIs: im-
mune check point inhibitors. NGS: Next-generation sequencing.

NGS for liquid biopsies using large panels (comprehensive genomic profiling)
Possibility of using CGP panels with liquid biopsies at both initial diagnosis and tumor
progression

Reflex testing using CGP panels with liquid biopsies
Novel bioinformatics for easier assessment and a shorter turnaround time for
transmission of reports

Expanding indications for liquid biopsies in thoracic oncology
Detection of minimal residual disease in early stage NSCLC in daily practice
Integration of a liquid biopsy as a screening tool for detection of lung cancer
Develop liquid biopsy testing for predictive biomarkers of ICIs efficiency
Combined somatic and germline genomic alterations in thoracic oncology for better
decision making for precision oncology (prediction of primary drug resistance;
prediction of drug toxicity)

Adopt the In Vitro Diagnostics/Devices regulations for in-house liquid biopsies
Develop diagnostic tests with liquid biopsies as complimentary to testing with tissue
biopsies for diagnosis

Harmonize NGS use with liquid biopsies avoiding research use only testing and leading
to universal use of CE-IVD testing

Consider liquid biopsies as a pivotal tool for the concept of integrative pathology
Liquid biopsies (blood, pleural fluid and pericadial effusion, cerebrospinal fluid)
combined with tissue biopsies for diagnosis, prognosis and predictive biomarker
evaluation in thoracic oncology

Recognition of liquid biopsies as a pivotal element of artificial intelligence in thoracic
oncology

Open a national expert center (s) for liquid biopsies
Expert centers will propose external quality assurance schemes
Expert centers will propose innovative technologies
Expert centers will develop training programs of excellence (educational classes in
bioinformatics)
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Toward using large panels for in-house liquid biopsies

Currently in most institutions comprehensive genomic profiling of cf-
DNA of patients with advanced NSCLC is mainly requested by multidis-
ciplinary tumor boards [42]. However, with the arrival of new targeted
therapies for lung cancer, the potential use of the tumor mutational
burden as a predictive biomarker of immune checkpoint inhibitors (ICIs),
the development of new genomic signatures of interest such as the MSI,
and the methylome, will certainly lead to a more systematic use of large
panels (over 300 genes) when doing LBs in daily practice [42]. In this
setting, we have to underline a number of issues: i) the acquisition of
devices that allow analysis with large panels with cf-DNA, ii) the evalu-
ation of the increased costs of using these large panels as well as the
optimization of the bioinformatic pipelines to deliver the data in a
turnaround time compatible with therapeutic decision making, iii) the
assessment of the impact on the workload of staff members, iv) the
Fig. 3. Build center of expertise approach to drive supply
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necessity to upgrade knowledge of the physicians, technicians and pa-
thologists to better interpret the increasing complexity of the molecular
results.

New indications of liquid biopsies in thoracic oncology

Besides the detection of druggable genomic alterations in lung cancer
patients and the detection of different mechanisms of resistance at tumor
progression, other domains of interest will soon be developed in the daily
practice of thoracic oncologists. First the detection of minimal residual
disease (MRD), notably in the early stage of NSCLC, represents an op-
portunity to increase the development of LBs in daily practice, even if
certain issues still need to be assessed (e.g, notably, the time points for
blood sampling, the cutoff of cf-DNA needs to be defined, which test to
use, the cost and reimbursement, the clinical validation for its usefulness)
[43–45]. Second, due to the different programs of lung cancer screening
and the development of different blood tests for diagnosis of lung cancer,
LBs could be developed for better evaluation of pulmonary nodules in
combination with low dose CT scans or to decide or not to perform
low-dose computed tomography (LDCT) depending on the results of the
blood tests [40,45]. When attempting to analyze very low concentrations
of circulating tumor nucleic acid in early stage NSCLC a few issues are
still being evaluated since it is pivotal to adopt highly sensitive molecular
approaches [46]. Finally, due to the increase in the development of
different ICIs, different LBs tests for predictive biomarkers of response to
ICIs could be used in the near future [47].

Perspectives for new regulations for the use of in-house liquid biopsies: the in
vitro diagnostics/devices regulation in Europe

The future in vitro diagnostics regulation (IVDR) needs in the near
future to take into consideration the use of LBs [48]. This new regulation
will probably have an impact on the possible use of RUO panels in-house.
Moreover, the EU in vitro diagnostic device regulation (IVDR) aims at
transparent risk- and purpose-based validation of diagnostic devices,
traceability of results to uniquely identified devices, and post-market
surveillance [49].

Develop center (s) of expertise for liquid biopsies at each national level

Thanks to the government authorities and also or not to some private
partnerships, different initiatives could be develop in order to create at
each national level one or several expert centers for liquid biopsies
(Fig. 3). These centers of excellence will aim to disseminate different
crucial information such as those related to the international guidelines
and demand of liquid biopsies at the national level.
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and recommendations, to new innovative devices and new panels, and
will be able to propose on site trainings for external teams and to create
network of stakholders working in the field of liquid biopsy.

Conclusion

As the demand for diagnostics for analysis of many solid cancers,
notably for a number of predictive biomarkers in lung cancer, continue to
grow, pathologists are constantly challenged by their clinical colleagues
to meet their expectations both in terms of the comprehensiveness of
testing and timeliness of results. However, questions as to the optimal
approach to biomarker testing in daily practice remain. In this context,
LBs nowadays provide opportunities to facilitate treatment decision
making for advanced NSCLC and probably in the near future for early
NSCLC [50]. However, some constraints can be present in this in-house
setting, notably to master the pre-analytical phase, but also the cost ef-
ficiency and the setup of a new organization for care. Therefore, each
institution has to build its own strategy to successful implement the use of
LBs in daily practice for lung cancer genotyping [50]. LBs should become
a regular tool in thoracic oncology, notably at initial diagnosis and at
tumor progression, as a complementary approach to molecular testing
with tissue biopsies. We strongly believe that LBs in thoracic oncology
should be part of or be integrated into the expertise of the molecular
pathologist [51]. It is essential that the different stakeholders adopt a
common point of view to developing LBs wherein the objective is to not
replace tissue biopsies, the only way to diagnose lung cancer [2,52].
However, different algorithms can be set up for using LB at the initial
diagnosis (Fig. 2). The future in lung cancer could be systematic associ-
ation at the same time of tissue biopsies and LBs at initial diagnosis and at
tumor progression, but this practice is not yet indicated in the different
guidelines and needs to be better evaluated to confirm its usefulness [28,
53–56].

Funding

None.
Declaration of competing interest

PH received honoraria from Thermo-Fisher Scientist, Illumina, Qia-
gen, Amgen, Bristol-Myers Squibb, Biocartis, Novartis, Roche and
AstraZeneca for advisory board participation.

Acknowledgements

None.

References

[1] Ilie M, Hofman V, Dietel M, Soria JC, Hofman P. Assessment of the PD-L1 status by
immunohistochemistry: challenges and perspectives for therapeutic strategies in
lung cancer patients. Virchows Arch 2016;468:511–25. https://doi.org/10.1007/
s00428-016-1910-4.

[2] Ili�e M, Pros Hofman P. Can tissue biopsy be replaced by liquid biopsy? Transl Lung
Cancer Res 2016;5:420–3. https://doi.org/10.21037/tlcr.2016.08.06.

[3] Al-Obeidi E, Riess JW, Malapelle U, Rolfo C, Gandara DR. Convergence of precision
oncology and liquid biopsy in non-small cell lung cancer. Hematol Oncol Clin N Am
2023;37:475–87. https://doi.org/10.1016/j.hoc.2023.02.005.

[4] Mosele F, Remon J, Mateo J, Westphalen CB, Barlesi F, Lolkema MP, Normanno N,
Scarpa A, Robson M, Meric-Bernstam F, Wagle N, Stenzinger A, Bonastre J, Bayle A,
Michiels S, Bi�eche I, Rouleau E, Jezdic S, Douillard JY, Reis-Filho JS, Dienstmann R,
Andr�e F. Recommendations for the use of next-generation sequencing (NGS) for
patients with metastatic cancers: a report from the ESMO Precision Medicine
Working Group. Ann Oncol 2020;31:1491–505. https://doi.org/10.1016/
j.annonc.2020.07.014.

[5] Tsuboi M, Herbst RS, John T, Kato T, Majem M, Groh�e C, Wang J, Goldman JW,
Lu S, Su WC, de Marinis F, Shepherd FA, Lee KH, Le NT, Dechaphunkul A,
Kowalski D, Poole L, Bolanos A, Rukazenkov Y, Wu YL, ADAURA Investigators.
Overall survival with osimertinib in resected EGFR-mutated NSCLC. N Engl J Med
2023 Jun 4. https://doi.org/10.1056/NEJMoa2304594.
6

[6] Armon S, Hofman P, Ili�e M. Perspectives and issues in the assessment of SMARCA4
deficiency in the management of lung cancer patients. Cells 2021;10:1920. https://
doi.org/10.3390/cells10081920.

[7] Cai R, Zhu H, Liu Y, Sha H, Peng W, Yin R, Zhou G, Fang Y. J to be, or not to be: the
dilemma of immunotherapy for non-small cell lung cancer harboring various driver
mutations. Cancer Res Clin Oncol 2023 Jun 1. https://doi.org/10.1007/s00432-
023-04919-4.

[8] Mograbi B, Heeke S, Hofman P. The importance of STK11/LKB1 assessment in non-
small cell lung carcinomas. Diagnostics 2021;11:196. https://doi.org/10.3390/
diagnostics11020196.

[9] Zhou F, Zhou C. Notch mutations as a novel biomarker for immunotherapy.
J Thorac Oncol 2023;18:e54–6. https://doi.org/10.1016/j.jtho.2023.02.014.

[10] Moes-Sosnowska J, Chorostowska-Wynimko J. Fibroblast growth factor receptor 1-
4 genetic aberrations as clinically relevant biomarkers in squamous cell lung cancer.
Front Oncol 2022;12:780650. https://doi.org/10.3389/fonc.2022.780650.

[11] Tian J, Wang H, Lu C, Liu L, Zhang X, Xie Y, Li R, Lv X, Fu D, Zhang L, Fang X,
Wang X, Hu J, Liu X, Huang X, Zhao Q, Luo N, Tang H, Zhong Z, He Y, Li L. Genomic
characteristics and prognosis of lung cancer patients with MSI-H: a cohort study.
Lung Cancer 2023;181:107255. https://doi.org/10.1016/j.lungcan.2023.107255.

[12] Meri-Abad M, Moreno-Manuel A, García SG, Calabuig-Fari~nas S, P�erez RS,
Herrero CC, Jantus-Lewintre E. Clinical and technical insights of tumour mutational
burden in non-small cell lung cancer. Crit Rev Oncol Hematol 2023;182:103891.
https://doi.org/10.1016/j.critrevonc.2022.103891.

[13] Pezzuto F, Hofman V, Bontoux C, Fortarezza F, Lunardi F, Calabrese F, Hofman P.
The significance of co-mutations in EGFR-mutated non-small cell lung cancer:
optimizing the efficacy of targeted therapies? Lung Cancer 2023;181:107249.
https://doi.org/10.1016/j.lungcan.2023.107249.

[14] Bouhlel L, Hofman V, Maschi C, Ili�e M, All�egra M, Marquette CH, Audigier-
Valette C, Thariat J, Hofman P. The liquid biopsy: a tool for a combined diagnostic
and theranostic approach for care of a patient with late-stage lung carcinoma
presenting with bilateral ocular metastases. Expert Rev Anticancer Ther 2017;17:
1087–92. https://doi.org/10.1080/14737140.2017.

[15] Hofman P, Rouleau E, Sabourin JC, Denis M, Deleuze JF, Barlesi F, Laurent-Puig P.
Predictive molecular pathology in non-small cell lung cancer in France: the past, the
present and the perspectives. Cancer Cytopathol 2020;128:601–10. https://doi.org/
10.1002/cncy.22318.

[16] Heeke S, Benzaquen J, Hofman V, Ili�e M, Allegra M, Long-Mira E, Lassalle S,
Tanga V, Salacroup C, Bonnetaud C, Fayada J, Gazoppi L, Ribeyre L, Castelnau O,
Garnier G, Cattet F, Nanni I, de Fraipont F, Cohen C, Berthet JP, Leroy S,
Poudenx M, Marquette CH, Denis MG, Barlesi F, Hofman P. Critical assessment in
routine clinical practice of liquid biopsy for EGFR status testing in non-small-cell
lung cancer: a single-laboratory experience (LPCE, Nice, France). e8 Clin Lung
Cancer 2020;21:56–65. https://doi.org/10.1016/j.cllc.2019.07.010. Epub 2019
Aug 3.

[17] Heeke S, Hofman V, Benzaquen J, Otto J, Tanga V, Zahaf K, Allegra M, Long-Mira E,
Lassalle S, Marquette CH, Ilie M, Hofman P. Detection of EGFR mutations from
plasma of NSCLC patients using an automatic cartridge-based PCR system. Front
Pharmacol 2021;12:657743. https://doi.org/10.3389/
fphar.2021.657743.eCollection.2021.

[18] Hofman P. Liquid biopsy and therapeutic targets: present and future issues in
thoracic oncology. Cancers 2017;9:154. https://doi.org/10.3390/cancers9110154.

[19] Hofman V, Hofman P. Resistances to EGFR tyrosine kinase inhibitors in lung cancer-
how to routinely track them in a molecular pathology laboratory? J Thorac Dis
2019;11(Suppl 1):S65–70. https://doi.org/10.21037/jtd.2018.11.76.

[20] Heeke S, Benzaquen J, Vallee A, Allegra M, Mazieres J, Fayada J, Rajamani J,
Lee M, Ordinario E, Tiotiu A, Cadranel J, Poudenx M, Moro-Sibilot D, Barlesi F,
Gervais R, Thariat J, Tanga V, Boutros J, Ili�e M, Hofman V, Marquette CH,
Denis MG, Hofman P. Detection of ALK fusion transcripts in plasma of non-small
cell lung cancer patients using a novel RT-PCR based assay. Ann Transl Med 2021;9:
922. https://doi.org/10.21037/atm-20-7900.

[21] Minari R, Mazzaschi G, Bordi P, Gnetti L, Alberti G, Altimari A, Gruppioni E,
Sperandi F, Parisi C, Guaitoli G, Bettelli S, Longo L, Bertolini F, Pagano M, Bonelli C,
Tagliavini E, Nicoli D, Ubiali A, Zangrandi A, Trubini S, Proietto M, Fiorentino M,
Tiseo M, DETECTION Study Group. Detection of EGFR-activating and T790M
mutations using liquid biopsy in patients with EGFR-mutated non-small-cell lung
cancer whose disease has progressed during treatment with first- and second-
generation tyrosine kinase inhibitors: a multicenter real-life retrospective study.
Clin Lung Cancer 2020;21:e464–73. https://doi.org/10.1016/j.cllc.2020.02.021.

[22] Scheffler M, Wiesweg M, Michels S, Nogov�a L, Kron A, Herold T, Scheel AH,
Metzenmacher M, Eberhardt WE, Reis H, Fassunke J, Darwiche K, Aigner C,
Schaufler D, Riedel R, Fischer R, Koleczko S, Schildhaus HU, Merkelbach-Bruse S,
Schmid KW, Büttner R, Wolf J, Schuler M. Rebiopsy in advanced non-small cell lung
cancer, clinical relevance and prognostic implications. Lung Cancer 2022;168:
10–20. https://doi.org/10.1016/j.lungcan.2022.04.006.

[23] Hofman P. Detecting resistance to therapeutic ALK inhibitors in tumor tissue and
liquid biopsy markers: an update to a clinical routine practice. Cells 2021;10:168.
https://doi.org/10.3390/cells10010168.

[24] Heeke S, Hofman V, Ili�e M, Allegra M, Lespinet V, Bordone O, Benzaquen J,
Boutros J, Poudenx M, Lalv�ee S, Tanga V, Salacroup C, Bonnetaud C, Marquette CH,
Hofman P. Prospective evaluation of NGS-based liquid biopsy in untreated late
stage non-squamous lung carcinoma in a single institution. J Transl Med 2020;18:
87. https://doi.org/10.1186/s12967-020-02259-2.

[25] Remon J, Steuer CE, Ramalingam SS, Felip E. Osimertinib and other third-
generation EGFR TKI in EGFR-mutant NSCLC patients. Ann Oncol 2018;29(suppl_
1):i20–7. https://doi.org/10.1093/annonc/mdx704.

https://doi.org/10.1007/s00428-016-1910-4
https://doi.org/10.1007/s00428-016-1910-4
https://doi.org/10.21037/tlcr.2016.08.06
https://doi.org/10.1016/j.hoc.2023.02.005
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.1056/NEJMoa2304594
https://doi.org/10.3390/cells10081920
https://doi.org/10.3390/cells10081920
https://doi.org/10.1007/s00432-023-04919-4
https://doi.org/10.1007/s00432-023-04919-4
https://doi.org/10.3390/diagnostics11020196
https://doi.org/10.3390/diagnostics11020196
https://doi.org/10.1016/j.jtho.2023.02.014
https://doi.org/10.3389/fonc.2022.780650
https://doi.org/10.1016/j.lungcan.2023.107255
https://doi.org/10.1016/j.critrevonc.2022.103891
https://doi.org/10.1016/j.lungcan.2023.107249
https://doi.org/10.1080/14737140.2017
https://doi.org/10.1002/cncy.22318
https://doi.org/10.1002/cncy.22318
https://doi.org/10.1016/j.cllc.2019.07.010
https://doi.org/10.3389/fphar.2021.657743.eCollection.2021
https://doi.org/10.3389/fphar.2021.657743.eCollection.2021
https://doi.org/10.3390/cancers9110154
https://doi.org/10.21037/jtd.2018.11.76
https://doi.org/10.21037/atm-20-7900
https://doi.org/10.1016/j.cllc.2020.02.021
https://doi.org/10.1016/j.lungcan.2022.04.006
https://doi.org/10.3390/cells10010168
https://doi.org/10.1186/s12967-020-02259-2
https://doi.org/10.1093/annonc/mdx704


P. Hofman The Journal of Liquid Biopsy 1 (2023) 100004
[26] Koulouris A, Tsagkaris C, Corriero AC, Metro G, Mountzios G. Resistance to TKIs in
EGFR-mutated non-small cell lung cancer: from mechanisms to new therapeutic
strategies. Cancers 2022;14:3337. https://doi.org/10.3390/cancers14143337.

[27] Hofman P. Next-generation sequencing with liquid biopsies from treatment-naïve
non-small cell lung carcinoma patients. Cancers 2021;13:2049. https://doi.org/
10.3390/cancers13092049.

[28] Hofman P. Matched tissue and liquid biopsies for advanced non-small cell lung
cancer patients A potentially indispensable complementary approach. Transl Oncol
2023;35:101735. https://doi.org/10.1016/j.tranon.2023.101735.

[29] Fairley JA, Badrick T, Denis MG, Dimitrova L, Goodall R, Maas J, Normanno N,
Patton SJ, Rouleau E, Russo A, Stockley TL, Deans ZC. Implementation of
circulating tumour DNA multi-target mutation testing in plasma: a perspective from
an external quality assessment providers'. survey Virchows Arch 2023 May 19.
https://doi.org/10.1007/s00428-023-03558-x.

[30] Heitzer E, van den Broek D, Denis MG, Hofman P, Hubank M, Mouliere F, Paz-
Ares L, Schuuring E, Sültmann H, Vainer G, Verstraaten E, de Visser L, Cortinovis D.
Recommendations for a practical implementation of circulating tumor DNA
mutation testing in metastatic non-small-cell lung cancer. ESMO Open 2022;7:
100399. https://doi.org/10.1016/j.esmoop.2022.100399.

[31] Bessi S, Pepe F, Russo G, Pisapia P, Ottaviantonio M, Biancalani F, Iaccarino A,
Russo M, Biancalani M, Troncone G, Malapelle U. Comparison of two next-
generation sequencing-based approaches for liquid biopsy analysis in patients with
non-small cell lung cancer: a multicentre study. J Clin Pathol 2023;76:206–10.
https://doi.org/10.1136/jclinpath-2022-208308.

[32] www.esppathology.org/_Resources/Persistent/34d0788441afc2f3eaa69d27a5cc
37a3e476e8f6/ESP Advanced Training Centre for Molecular Pathology with an
emphasis on liquid biopsy.pdf.

[33] Krebs MG, Malapelle U, Andr�e F, Paz-Ares L, Schuler M, Thomas DM, Vainer G,
Yoshino T, Rolfo C. Practical considerations for the use of circulating tumor DNA in
the treatment of patients with cancer: a narrative review. JAMA Oncol 2022;8:
1830–9. https://doi.org/10.1001/jamaoncol.2022.4457.

[34] Gosney JR, Paz-Ares L, J€anne P, Kerr KM, Leighl NB, Lozano MD, Malapelle U,
Mok T, Sheffield BS, Tufman A, Wistuba II, Peters S. Pathologist-initiated reflex
testing for biomarkers in non-small-cell lung cancer: expert consensus on the
rationale and considerations for implementation. ESMO Open 2023;8:101587.
https://doi.org/10.1016/j.esmoop.2023.101587.

[35] Makarem M, Leighl NB. Molecular testing for lung adenocarcinoma: is it time to
adopt a "plasma-first" approach? Cancer 2020;126:3176–80. https://doi.org/
10.1002/cncr.32875. Epub 2020 May 4.

[36] Pascual J, Attard G, Bidard FC, Curigliano G, De Mattos-Arruda L, Diehn M,
Italiano A, Lindberg J, Merker JD, Montagut C, Normanno N, Pantel K,
Pentheroudakis G, Popat S, Reis-Filho JS, Tie J, Seoane J, Tarazona N, Yoshino T,
Turner NC. ESMO recommendations on the use of circulating tumour DNA assays
for patients with cancer: a report from the ESMO Precision Medicine Working
Group. Ann Oncol 2022;33:750–68. https://doi.org/10.1016/
j.annonc.2022.05.520.

[37] Rolfo C, Mack P, Scagliotti GV, Aggarwal C, Arcila ME, Barlesi F, Bivona T,
Diehn M, Dive C, Dziadziuszko R, Leighl N, Malapelle U, Mok T, Peled N, Raez LE,
Sequist L, Sholl L, Swanton C, Abbosh C, Tan D, Wakelee H, Wistuba I, Bunn R,
Freeman-Daily J, Wynes M, Belani C, Mitsudomi T, Gandara D. Liquid biopsy for
advanced NSCLC: a consensus statement from the international association for the
study of lung cancer. J Thorac Oncol 2021;16:1647–62. https://doi.org/10.1016/
j.jtho.2021.06.017.

[38] Visser E, Genet SAAM, de Kock RPPA, van den Borne BEEM, Youssef-El Soud M,
Belderbos HNA, Stege G, de Saegher MEA, van 't Westeinde SC, Brunsveld L,
Broeren MAC, van de Kerkhof D, Deiman BALM, Eduati F, Scharnhorst V. Liquid
biopsy-based decision support algorithms for diagnosis and subtyping of lung
cancer. Lung Cancer 2023;178:28–36. https://doi.org/10.1016/
j.lungcan.2023.01.014. Epub 2023 Feb 1.

[39] Bayle A, Bonastre J, Chaltiel D, Latino N, Rouleau E, Peters S, Galotti M, Bricalli G,
Besse B, Giuliani R. ESMO study on the availability and accessibility of
biomolecular technologies in oncology in Europe. Ann Oncol 2023;
S0923–7534(23):760–3. https://doi.org/10.1016/j.annonc.2023.06.011.

[40] Horgan D, �Cufer T, Gatto F, Lugowska I, Verbanac D, Carvalho Â, Lal JA, Kozaric M,
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